Introduction
This paper reports and reflects upon the use of certain technological innovations in the planning and delivery of undergraduate physics student projects.
Final year student projects are a cornerstone of most undergraduate science degree courses [1] . In the Department of Physics at Aberystwyth University, students undertake major research-based projects, working in groups of one or two. These projects count for 40 credits or 1/3 rd of the overall final year assessment [2] . The latest 3D printing technologies provide low-cost instrumentation solutions for optoelectronic materials characterisation, which would otherwise be inaccessible to such undergraduate student projects. This project also leaves a clear legacy, in terms of new apparatus, enhancing the scope of future projects.
Photoluminescent materials old and new have been extensively investigated since the first descriptive understanding of fluorescence by Sir George Stokes in 1852 [3] . In the modern world, luminescent materials are used in a wide variety of applications, ranging from advanced diagnostic markers in biomedicine, new mobile phones, TV's and computer tablets which have display screens that use organic semiconducting polymers to produce light emission [4] , to simple highlighter pen inks. The efficiency of a fluorescent material is related to its internal photo-luminescent quantum yield (PLQY) [5] . The PLQY is simply the ratio of the number of photons emitted by the material to the number of photons absorbed (i.e. photons out / photons in) [6] . The PLQY of a material is also indirectly related to its electroluminescence efficiency. So mobile phones, TVs and computer tablets use display materials that have a high PLQY because this reduces energy consumption [7] .
Experiments to find the PLQY of film materials can be difficult to achieve because of problems in collecting all of the emitted light due to an angular anisotropy of emission. This difficulty can be overcome by using an integrating sphere to collect all of the emitted light [8, 9] . The purpose of an integrating sphere is to spatially integrate radiant flux; by design, they are hollow spheres coated internally with a highly diffusely reflecting material. When a light source is placed inside the sphere the light output is redistributed isotropically over the whole of the internal surface, despite any angular preference of the initial emission [3, 10, 11] . This light can then be collected with a fibre-coupled spectrometer to determine the spectrum and intensity. Measurement of thin-film fluorescent materials using an integrating sphere was first developed by Greenham et al [8] . Their approach used a laser as an excitation source and made suitable corrections for the re-absorption of scattered light within the sphere. This technique was then further developed by deMello et al [9] and it is a variant of this method that is favoured in this report. A review of the measurement procedures and error analysis is provided by Leyre et al [12] .
Commercial lab-grade integrating spheres are expensive; 100 mm diameter spheres with similar functionality to that proposed here typically cost several thousand pounds at present. To take absolute measurements, the sphere-spectrometer system also requires calibrating, usually to a National Institute of Standards and Technology (NIST) verified black-body light source, which further extends the cost well beyond most schools and undergraduate laboratories. Given existing access to a suitable CCDcoupled spectrometer and 3D printer, we present here a low cost (under £25) method to manufacture and calibrate an integrating sphere. The aim is to produce an experimentally robust and accurate instrument which presents opportunities to measure state-of-the-art photoluminescent material samples in a simple easily executed experiment, in order to calculate their PLQY. This provides opportunities to directly illustrate many areas of undergraduate physics including, optical spectroscopy, lasers, optics, simple circuits, black body radiation, and data gathering. For more ambitious students, projects involving detailed calibration of the sphere may be of benefit. The computer aided design (CAD) models and stereo lithography (STL) files for 3D printing, and the SciLab code for calculation, are available as supplementary information.
Method

Experiment Design of Integrating Sphere
As described in the introduction, the experimental method was first developed by deMello et al [9] , and the schematic layout and physical set-up is as shown in Figure 1 .
The body of the integrating sphere was CAD solid-modelled using 'Design Spark Mechanical', which is a freely available download from RS Components ( Figure 1) [13]. The sphere was then manufactured using a Renkforce RF1000 3D printer [14] . The body is designed in two hemispheres, which are hinged together using two pins turned from PTFE plastic. The hemispheres have a light trap labyrinth at the mating faces, minimising any stray light entering the interior of the sphere. This allows data collection on samples to take place in a fully lit room. The side port, which allows the illuminating laser light to enter, was made large enough for a laser pointer to be held securely in place. It is important that the photo detector is not subject to direct illumination from any portion of the incident flux, so it is necessary to build a baffle arrangement into the sphere. The baffle is manufactured as a separate part, again using 3D printing, and is fitted into the upper half of the sphere, directly shielding the fibre optic cable port. The fibre optic cable can be connected to the sphere by a standard (SMA) fitting, which was screwed directly over the aperture in the top of the sphere. 
Illuminating Laser
The illumination source used in the experiments was a Class 2 405 nm laser pointer with a power output of 0.5mW and hence safe for use by undergraduates following laser user training and appropriate supervision. This type of laser pointer is readily available for just a few pounds and has acceptable power stability for the purposes of these experiments [15] . It should be noted that the more common 635 nm 'red' pointers do not have sufficient photon energy to initiate fluorescence in many sample materials. For the measurement of Anthracene, a 365 nm ultra violet lamp was used (Thor Labs M365L2 LED 190 mW). This reduces self-absorption from the emission of Anthracene, part of which occurs at 400 to 425 nm complicating accurate calculation of PLQY values.
Sample Holder
The aim is to provide a convenient, simple and repeatable means of supporting the sample in the centre of the sphere, while enabling the two sample positions ( Figure 2 ) to be easily achieved externally. The sample holder attaches to the sphere by means of a mounting boss which has a bayonet fitting, thus also providing a suitable light trap. This feature also allows easy removal and consistent positioning of each sample after re-mounting, and is designed to ensure that it can only be attached in one orientation. The mounting boss and the sample holder are sprung loaded to hold the sample in each of the two set up positions required. Finally, the sample holder is turned from PTFE with "music wire" bent to form a sprung holder for the individual samples. By angling the wire clips which hold the sample around 15° off-axis, two objectives are achieved. Firstly, when the sample is positioned into the laser light source (sample "in"), any reflected laser light is projected onto the surface of the sphere and not directly back towards the source. Secondly, an eccentric action is created, so that rotating the sample holder by 90° on its axis swings the sample clear of any direct illumination. Once the experiment is initially aligned, the sample holder and mounting are easily removed to facilitate the exchange of samples. Placing the sample in each of the two required positions is as simple as rotating the sample holder to one of the two indented positions on the mounting boss. An internal spring and external pin both locks the holder in place in an indent and provides a visual external indicator of the sample position. This arrangement provides for a rapid method of data collection and a good level of repeatability in positioning. However, a simpler, more easily manufactured arrangement could be fashioned, depending on the type of sample material chosen and other classroom/laboratory factors.
Sphere Internal Coating
The raw interior surface of the 3D printed sphere was lightly sanded with P120 grit production paper to remove any raised imperfections and the worst of the striations from the printing process. The next step was to apply a plastic to paint adhesion promoter; U-pol S2003 was used in accordance with its data sheet. The next stage was to apply a surface filler (U-Pol S2020 HS Primer Filler) to allow the inner surface to be sanded to a smooth profile. Once dry, it was sanded with P320 grit paper to give a good key for the final internal reflectance coating. Readily available aerosol-based high build primer could be used, provided a number of carefully applied coats produced a suitable primer thickness, allowing it to be sanded smooth.
Because an important aim of the project was accessible cost, a homemade reflective coating was formulated. It comprised 500 grams of 99% purity Barium Sulphate, obtained at a cost of £8 from an online auction site, mixed with 1% by weight common Poly-Vinyl Acetate (PVA). This mixture was thinned for spraying using 50% to 60% by weight, de-ionised water. Application onto the inner surface of the sphere comprised of five wet-on-wet coats, followed by a further 10-15 dry dust coats to improve matting of the final surface. The reflectance spectrum of the homemade coating was measured and compared to the commercial product 'Avian-B', using a known >99% reflectance standard (Ocean Optics WS-1-SL) [16] . It may be thought that a standard domestic white paint might suffice, but they are however not particularly white or stable. They have a typical reflectance of 85-88%, compared with 90-95% for the homemade coating described above, and most suffer significant drop-off at the blue end of the spectrum, due to the use of titanium oxide as a pigment [17] . As the baffle, as described above, forms an integral part of the sphere interior, an identical reflective coating was also carefully applied to this component.
Calibration
In order to obtain experimentally accurate results, a spectral response calibration of the sphere/spectrometer system is necessary. For any known photon flux, f (), entering (or from within) the sphere, the spectral response as measured by the detector system (La) is the result of the instrument response function of the detector Rde():
Calculation of the instrument response function, Rde(), using the known irradiance of a calibration source, ( ), over the surface of the sphere, is the ratio of detected response ( ) to known photon flux:
This function can subsequently be applied to any gathered sample emission data, to produce a spectrum that is corrected for instrument response. Calibration to a source of known irradiance, ( ), was approached in two ways. The first is the method of Kosch and Harang [18] , the theory of which transforms a standard tungsten bulb into its equivalent blackbody radiator. Their model estimates a maximum error of around 15% compared to a fully certified NIST verified spectral irradiance lamp.
To facilitate this method, a bulb holder was turned from PTFE to support a standard Lucas 501 tungsten bulb within the body of the sphere as shown in Figure 2c . With the bulb in a holder within the sphere, a desktop power supply can be used to a provide a known voltage (Vf ) and measured current (If); firstly the resistance of the bulb (Ro) at room temperature (To) is measured as accurately as possible. In our case a Fluke 287 multi meter was used. Accuracy of the resistance measurement is critical to the process and further methods of improvement such as extrapolation from a range of voltage and current measurements should be considered. The operating resistance of the bulb can then be calculated as Rf = Vf / If., with the corresponding bulb spectrum being taken, which becomes our detected response, ( ). The next aim is to calculate the bulb filament operating temperature. With power supplied to the bulb, the resistance ratio is:
where ρ represents the value for Ohmic resistance of Tungsten. This value is low at room temperature but rises as temperature increases, and can be expressed by a second order polynomial for each of the two bulb temperatures. 
Re-arranging equation 3 and using equation 5, we can establish a temperature of the bulb filament when the sample spectrum was taken. Using this temperature value, a model of the black-body profile can be made. This profile needs to be adjusted from a true black-body emission to account for the emissivity of Tungsten. The spectral emittance of a Tungsten filament is described by the Planck formula: 
Where (,T) is the spectral emissivity factor for Tungsten, which is a function of both wavelength and temperature. To simplify matters, over the pertinent visible wavelength (400-700 nm), the value of  is reasonably constant and can be taken from a number of online tables [19] as being around 0.35 for typical filament bulb. Using the calculated filament temperature and equation 6 the 'true' blackbody profile can be modelled and used as the known irradiance of a calibration source ( ) and used in equation 2 to find the instrument response ( ). Because the aim of the tungsten bulb method of calibration is to utilise an approximate blackbody source of known temperature, and hence model its spectral profile, it is possible that the sun could provide a zero cost (all be it intermittent) calibration source. The sphere, spectrometer and a software equipped laptop were taken outside at noon on a bright cloudless day. The open laser pointer port of the integrating sphere was simply pointed at the Sun and a spectrograph of the solar flux taken. This measured spectrum can then be compared with ASTM Terrestrial Reference Spectra: ASTM G-173-03 (AM1.5G) [20] . This is a spectrum of solar irradiance, taking into account factors such as atmospheric absorption, which is significantly different from an ideal black-body at shorter wavelengths. Originally devised for the photovoltaic industry, it provides a good estimate of what the measured spectrum should be. The measured and standard solar spectral profiles require smoothing to remove the distinct absorption peaks; this was done using Excel to fit a spline function through a number of key values. By taking a smoothed version of AM1.5G as the calibration source of known irradiance ( ) and the measured solar spectrum as ( ) using equation 2, the instrument response ( ) can be interpolated.
Experimental Samples
Two specific types of reference sample were used in test experiments of the integrating sphere. Anthracene powder was crushed and applied to a quartz disk substrate; this was used as a reference calibration standard, as PLQY values are well established in literature [21] . The second type of sample was spin-coated films of the polyfluorene semiconductor poly[(9,9-dioctyluorene)-2,7-diyl-alt-(4,7bis(3-hexylthien-5-yl)-2,1,3-benzothiadiazole)-2′,2′′-diyl] (or F8TBT), also on account of the widespread reporting of PLQY in this category of materials, due to their putative applications in optoelectronics [22] . For general demonstration purposes, fluorescent card or plain paper marked with highlighter pen ink was used, being cut and glued to ordinary metric M5 metal washers, thus providing a simple, cheap and durable sample set.
PLQY Calculations
The method of deMello et al [9] requires three experimental configurations as shown in figure 3 . In each of the experiments, the area between the curves shown hatched in figures 3d and 3e is proportional to the amount of absorbed laser light. In set-up (c), a fraction A of the incident laser light is absorbed by the sample, the remaining fraction (1-A) will be scattered to the walls of the sphere. A further fraction of this scattered light () will be reabsorbed by the whole surface of the sample. Taking La, Lb and Lc to be the areas under the laser illumination profile for each experiment respectively, equations 7 and 8 can be derived.
From these, an expression for the absorption coefficient A can be obtained:
Taking the area under the fluorescence spectra to be Eb (emission from indirect illumination) and Ec (emission from direct illumination), it can be determined that the total light incident on the detector is composed of both unabsorbed laser light and emission from the sample. In set-up (b) this detected light is composed of Lb + Eb. In set-up (c), a fraction A of the laser light is absorbed leaving (1-A) reflected, the contribution of the scattered light to the detected total can then be defined as:
The emission from the sample due to the excitation of the laser light is:
 Where  is the PLQY. This also contributes to the total measured spectrum, so with consideration of all the contributing factors, the total intensity measured over the whole spectrum is given by equation 12.
This can then be rearranged for quantum yield substituting equation 9
A sample Scilab script is provided in supplementary information, which takes a CSV file input of each spectra, uses a calibration file to adjust the intensity of the data and calculates the areas under each curve. It then calculates PLQY using equation 13.
Errors
The method of calculating error propagation through the system is similar to that proposed by Johnson et al [23] . Using equation 13 and following the principal of propagating uncertainty [24] , the relative uncertainty for the PLQY can be defined as:
Where dL is the estimated percentage error on the area of laser intensity and dE is the estimated percentage error on the area of fluorescent emission. The uncertainties arise from 4 main sources; calibration error, detection system, excitation laser and the sample. An example error budget is shown in Table 1 . 
Results and Discussion
Reflectance coating and calibration
Shown in Figure 4 (a) is the spectral response of both commercially available and the homemade reflectance coating materials. The commercial Avian-B product ranges over 90-95% in this preparation. The DIY coating of a 99% purity Barium Sulphate powder mixed with 1% (by weight) PVA has a very similar range at 90-94% however as can be seen the response is reversed in the wavelength range under consideration. In terms of cost, Avian-B is currently £200 per 250ml. To manufacture an equivalent quantity of the DIY coating would cost approximately £5 in materials. The response curves for the two different calibration methods are shown in figure 4(b) and also a NIST verified spectral irradiance lamp. Using anthracene as a test standard the three different methods of calibration produced a variation in results, the NIST lamp route being closest to literature but such a lamp costs around $9000 US. The Tungsten bulb method of calibration is very close to that of a NIST certified light source and within the 15% estimated by Kosche and Harang [18] . The cost of the bulb and holder should be under £5. The solar method is the least accurate, but still resulted in values within 15-20% at notionally zero cost. (Figure 5(a) ) results shows the relative fluorescent efficiency was easily determined. All the test measurements carried out are summarised in Tables 3 and 4 ; in all cases the PLQY values derived showed a very good agreement with literature, to within a fractional level of a few %, with the exception of Pyranine where literature states its PLQY as a 'pure' substance in solution not as a commercial 'highlighter pen' product. 
PLQY of samples
Conclusions
The aim of the project was to design and manufacture an experimentally accurate instrument that is able to easily and reliably establish the absolute photo-luminescent quantum yield of some fluorescent materials presented as solid films. The project makes novel use of 3D printing to manufacture an integrating sphere, thereby allowing a custom design which can accommodate sample specific features. It does this at a cost low enough for most schools and undergraduate laboratories, assuming access to a spectrometer, 3D printer and general workshop facilities are available. Following the experimental procedure of deMello et al [9] provides results that suitably account for re-absorption and re-emission of the illuminated sample. Calibration to establish absolute values is conducted as proposed by Johnson et al [23] with reference to a certified blackbody illumination standard. The confirmation of calibration by the use of a well-documented fluorescence standard (anthracene) means that results for the samples on test have a high degree of confidence. The sensitivity of the equipment was sufficient to detect photo-bleaching [26] of the samples during data gathering. A further final year student project to fully characterise these effects in organic semiconductor materials is in progress, thus potentially addressing pertinent research questions in that field.
This novel approach provides a low cost means of manufacture, which prompted investigations of other low cost features such as homemade DIY reflectance coatings, the results of which showed some merit particularly considering the cost to performance ratio. The use of a laser pointer as a low cost excitation light source and the evaluation of a simple method of calibration using a standard tungsten bulb, or even the Sun, makes this kind of experiment available to most undergraduate labs as a teaching tool to reinforce concepts learnt in modules such as optics, optronics, and semiconductor physics, whilst still maintaining an acceptable degree of experimental accuracy for useful quantitative science. This paper illustrates the use of certain technological innovations (such as 3D printing) in the planning and delivery of undergraduate physics student projects; providing low-cost instrumentation solutions, which would otherwise be inaccessible to such undergraduate level projects. This project also leaves a clear legacy, in terms of new apparatus enhancing the scope of future projects, and for potential use in prescient research in the area of photoluminescent materials.
